Abstract. Mobile robots are increasingly becoming an aid to humans in accomplishing dangerous tasks. Examples of such tasks include search and rescue missions, military missions, surveillance, scheduled operations (such as checking the reactor of a nuclear plant), and so forth. The advantage of using robots in such situations is that they accomplish high-risk task without exposing humans to danger: robots go where humans fear to tread. When dealing with robot teams for exploration missions, the human operator needs to control simultaneously multiple robots. This paradigm highly increases the difficulty of the operator task. In this paper, based on extensive experimental data, we are studying the problematic associated to the Single-Operator-Multiple-Robot Interaction. This analysis can help to ascertain the critical points in multi-robot control and supervision. We propose two autonomy management modes and analyse the optimal operator robot:ratio for each of them. The experiments have been done in a Search and Rescue scenario using USARSim.
Introduction
An HRI system should permit humans and remote robots to cooperate in order to accomplish cognitively-demanding tasks, working in the spectrum between a fully autonomous system and a fully teleoperated one. The HRI system should then improve the accomplishment of the task by benefiting from the capabilities of the artificial agent and the human. The increment of the degree of autonomy, and the robot-coordination techniques are conducting researchers to deploy teams of robots for exploration missions. This brings a new challenge to the Human-Robot-Interaction system: how the information coming from robots distributed spatially needs to be integrated into a Graphical User Interface? and, how the robots can be controlled as singular entities and/or as a team?. The answers to these questions should permit one operator to be capable of controlling and/or supervising a team of robots deployed on an unknown environment. Consequently researchers are being encouraged to analyse, design, and test, multi-robot teams controlled by a single operator. Military missions, surveillance, scheduled operations, and so forth, are examples of application of this research.
In this paper we present the resulting analysis of two controlled experiments, in which a Search and Rescue Operation was simulated using USARSim. We modified the number of robots, from 1 to 4, for the first experiment, and from 1 to 3, for the second, and analysed the performance of the operators. The analysed data allows us to identify the critical points in multi-robot tele-operation. The goal of this study is to set the basis for an adequate single-operatormulti-robot Interaction System design.
Single-Robot vs. Multi-Robot for Exploration Missions
Developments in Graphical User Interfaces (GUIs) for tele-operating a mobile robot have mainly focused the single-robot paradigm. They are mostly concerned on how to provide the operator with the required Situational Awareness for controlling a remote mobile robot [18] . A multi-year study made in a rescue simulated competition [17] , revealed poor interface designs. Yanco et al. designed and evaluated a video-centric interface [16] , raising a great interest on the GUI design. The Human Robot Interaction INL research group 6 , designed a map centred interface [7] , giving to the operator a first person point of view of the environment. Both interfaces were experimentally compared in [4] . The limitation of these two interfaces is that they are difficult to extend to the multi-robot paradigm without considerable re-design. In first mentioned GUI, the video information is tightly related with the robot localization, and thus unfeasibile for managing a team of spread robots; the INL GUI, map centred, could be easier to extend, as the mapped environment is common to all robots, but it has been designed in order to keep the operator point of view mostly fixed over the robot, presenting consequently the same problem.
These works have set the basis for a good single-robot interface design. Now, the next step drives through multi-robot systems. There are many advantages of using multiple robots in complex exploration tasks like Search and Rescue: properly coordinated robots can cover faster an area than a single robot, the key problem to be solved is to coordinate the robots so that they simultaneously explore different regions of their environment [9] [2] . SLAM can be benefited from the use of multiple-robot sensing by reducing the uncertainty associated to localization and map building [10] [12] . To act effectively under uncertainty it is required to accurately estimate the state of the environment, providing information of the dynamically changing situation; individual robots, with uncertain sensors, may not be able to accurately determine the current situation, the team as a whole can exchange information to perform a better situation assessment by verifying hypothesis.
From the operator point of view, the control and supervision of a team of robots brings a challenging novelty with many associated difficulties. It is not only a question of operator's available time. He does not only need "free" time to switch control from one robot to another, and supervise them sequentially, he also needs to process all the information coming from the deployed robots and integrate it in order to have a global Situation Awareness of the scenario and the robots [18] . He must be able to send the proper commands, not only to the single robots, but also to the team, in order to carry out a coordinated action, and so forth. The more the Interaction System enhances the operator in this task, the better he will perform.
Robots, considered as entities are individual sources of information, which cannot be "processed" by a human if not properly integrated. One operator cannot tele-operate simultaneously several robots. If he just switch control from one to another, the performance of the operation is highly reduced [3] . Adams et al. address this problem proposing not to consider the single robots, but the team as a whole entity, integrating the information from the team and sending team commands [15] . The limitations of this approach is that it presupposes that the robots are able to autonomously carry out the tasks assigned to them by the team coordination layer, what is not feasible in hazardous scenarios like Urban Search and Rescue. Goodrich et al., propose to dynamically adjust the autonomy level to keep the operator workload within tolerable ranges responding to environment and workload changes [6] . This would minimize the time required by each robot, permitting the operator to switch among them. The limitation is that the robots are not treated as a team. Burke and Murphy, based on field studies consider that an operator is not suitable for driving more than one robot simultaneously in real Search and Rescue Missions [1] . Scholtz et al. experimented in autonomous offroad driving, analysing the number of times that an UGV requires operator assistance to complete the task. Based on this analysis they conclude that one operator can only supervise two UGVs simultaneously in outdoor environments [11] . Fong et al. proposed a system in which the operator is just a supervisor, who is asked for help by the robot when his assistance is required [5] . Unfortunately no study of the scalability of Fong's system was made.
Based on experimental data, we analyse the case of multi-robot control in Search and Rescue Missions. This application scenario is more complex than the off-road autonomous navigation studied by Scholtz et al. as in their application the UGV should not deal with exploration. We are more flexible that Burke and Murphy, not applying all the hazardous conditions that a real mission would present. We have used as test-bed the NIST simulator: USARSim; the "emergency scenarios" are those used in the 2006 RoboCup Competition 7 .
Interface description
Our first interface prototype was inspired by the works of [16] and [7] , which are probably the most evaluated designs in the literature for single robot GUIs. In addition, we analysed the multi-robot problem, and re-designed their GUIs to support the control and supervision of a team of robots. This interface was used in the 2008 RoboCup Competition, for controlling a team composed by three ground robots and an aerial vehicle. An experimental evaluation of the first prototype can be seen in [14] . The second prototype includes two displays:
7 Available at http://usarsim.sourceforge.net
The Complex Display ( Fig. 1(a) The Team Display ( Fig. 1(b) ), which gives a bird's eye point of view of the explored area with the robots within, for an easier team control and supervision. The operator can zoom a particular area or see the whole explored area. He can switch from one robot to another by clicking on it, and set the target point clicking on the map. Additionally he can tag the map by adding information about the scenario. Victims found, snapshots taken, tagged areas, robots path, a-priori maps, and other retrieved information, can be visualized on the map.
The operator can control the robot in four modalities: teleoperation, safe tele-operation, shared control and autonomy. In the safe tele-operation mode the system prevents the robot from colliding with obstacles, limiting the speed according to the obstacles distance. In the shared control mode the operator sets a target point for the robot by directly clicking on the map, which the robot must try to reach. The autonomy policy depends on the mission. For Search and Rescue, our robot explores autonomously the area visiting the unknown places and taking pictures of detected victims [2] .
Interface Evaluation
As we said at the beginning, an effective operation of multiple robots requires that the operator's time be distributed among the robots; this allows him to supervise the whole team and intervene whenever this is required. The experiment we are presenting here aimed to evaluate scalability of the mechanism of autonomy adjustment that we implemented. Furthermore, subjects were asked to fill out questionnaires as a way of measuring the usability of the interface for multiple-robot control and supervision.
Experiment Design and Procedure
Forty subjects (thirty-five males, five females) participated in the experiments. All of them were either master students, PhD students, or senior researchers in the field of engineering. None of them had had previous experience with the interface. The subjects were randomly divided into four groups. Each subject in a given group had to accomplish a Search and Rescue Mission while controlling a team of robots (number of robots ∈ [1 − 4]). Every subject went through a twenty-minute training program to acquire a basic knowledge of the functionalities provided by the interface. The training scenario was taken from the RoboCup Competition and was similar in difficulty to the scenarios used for the experiments.
The subjects were asked to run two experiments. In the first experiment, they had to explore an unknown office building (indoor scenario) in order to search for victims. They were given 15 minutes. After completing this experiment, they filled out a usability questionnaire. In the second experiment, they were asked to explore an unknown urban outdoor area (with the same number of robots), also with the aim of finding victims. In this paper we will only analyse the results concerning the indoor scenario. Figure 2 shows a screen-shot of the indoor scenario. 
Data analysis
The focus of our analysis is the influence of the factor number of robots ∈{1, 2, 3, 4}. The variables studied are:
• The area explored divided by the total time of the mission.
• The percentage of the total time in which the robots were operating (moving) simultaneously.
• The relation between the time the robot remained stationary in Shared Mode and the total time in that mode; • The relation between the time the robot remained stationary in Tele-operation Mode and the total time in that mode;
Area Explored
A measure of operator performance is the area covered by the team of robots. When an operator is controlling several robots simultaneously, he may neglect some of them, thus decreasing the time of simultaneous operation, as we have just seen. That said, this "low utilization" might be justified if the area explored by the robots is significantly large.
We made an Analysis of Variance (ANOVA) for the explored area 8 . The best level of the factor corresponds to one robot, but it is not significantly different from 2, 3 or 4 robots, because the intervals are overlapped. Figure 3 (a) shows this result.
Simultaneous Operation
When controlling a team of robots, the operator must try to use all of the robots simultaneously. As he can tele-operate only one robot at a time, the rest of the robots have to be working at some level of autonomy: Shared Control, when a target point is set, or, when it is not, then Full Autonomy. In the best case scenario, all the robots composing the team should be operating (moving) at any given time. An effect of opertor neglect on the system performance can be seen in [3] . The present study measures the amount of time that all the robots were moving simultaneously.
An ANOVA was run. The main effect of the number of robots is significant. Fig. 3(b) shows the main effects of number of robots 9 . The simultaneous operation is significantly greater when the operator is controlling one robot.
Stop Condition Analysis
We also found it useful to analyse the conditions in which a robot was neglected by the operator. A robot is neglected when the operator is not aware of the state of the robot. This may occur in two different situations: A robot has finished its task and so is waiting for a new command; a robot is stalled. As the number of robots increases, the operator controlling a team can lose "Robot State Situation Awareness" [4] . This lack of SA indicates an overloaded operator who can be expected to yield a worse performance.
The lack of SA can increase in severity depending on the level of autonomy on which the robot is working. Robot inoperability can occur in a variety of different situations: 
Stop in Shared Mode
We analysed the time the robots were stopped in Shared Mode. When the robot has been sent to a target point (Shared Mode), the robot may be stalled. Most usually, robot standstill occurs when the robot has already reached the destination point. The robot remains stationary as it awaits new commands. This situation indicates an even greater lack of SA than the one previously described. After all, the operator knows that the robot will navigate autonomously only until it arrives at the target point (supposing that it does in fact reach this point), and he should therefore be able to estimate the time required to carry out the given task. Figure 4(b) shows the main effect of number of robots. The analysed data is significantly smaller when operating one robot. In addition, there are no significant differences between 2, 3 and 4 robots, since the intervals are not overlapped.
Stop in Tele-Operation
The greatest lack of SA is manifested when a robot is left standing still in Tele-operation Mode. We analysed the log(Y ). The number of robots is a significant factor. In Figure 4.2.3 , the main effect of the number of robots is shown. The best performance in Tele-Operation is with one robot.
Questionnaires
After completing the task the subjects were asked to fill a questionnaire. We will not present all the collected data but only the subjective perception of the dimension of the team. That is, subjects were asked how many robots they think the can control in order to maximize the performance. This data is represented in Figure 5 (a). Subjects scored each operation mode (1-worst, 5-best). This data is represented in Figure 5(b) 
Discussion

Interface Design and Operation Modes
A first observation is that for one robot, the subjects almost always used the Tele-operation Mode. This suggests that the interface provides enough information to an operator to enable him to control a robot remotely and to manoeuvre it in a precise and secure way. If the operators' situational awareness had been insufficient for this task, the resulting feeling of lack of control, or of the inability to send precise commands, would have led them to prefer Shared Mode instead. In fact, a few subjects that showed small capabilities to drive the robot, used mostly the Shared Mode, commanding through target points.
Analysing the scoring the operator gave to the Operation Modes ( Figure 5(b) ) we conclude that the Tele-operation mode is the less appreciated. Operators considered this mode very dangerous, as collisions were not prevented at all. Instead the Safe Tele-operation Mode received a good scoring, which showed that the changes applied to the second version of the interface were successful. The Autonomy Mode received also a low scoring.
Operator Performance
The data analysis concludes that the optimal robot:human ratio, when account is taken of the utilization of robots and of the area explored, is 1:1. When we consider the utilization of the robots, this result is not surprising. When an operator controls more than one robot, he inevitably neglects some to a certain degree, which results in correspondingly less optimal utilization.
The use of several robots would be justified, even when they are not fully exploited, if the area explored increased with the number of robots. We had hypothesized that the area would expand to its with 2 or 3 robots, and would subsequently decrease due to an excessive operator workload. In actuality, the result of the experiments shows that the area covered by the robot team increases only when we use 3 or 4 robots, but its not better with 2 robots in relation with one. We believe that this result is caused by the great decrease in robot utilisation due to the shift from one robot to two. As we can see in Figure 3 (b), when the operator is controlling two robots, they are moving simultaneously less than the half of the time. Thus, even if both robots explore different areas, the total area is not bigger than when an operator controls just one robot.
The Stop Condition Analysis helps us to understand why this performance fall-off occurs when the operator is using more than one robot. Let us suppose that the robot is working in Shared Mode (in other words, when the operator has set a target point that the robot must try to reach autonomously). If the operator is controlling multiple robots, he usually does not realize immediately that the particular robot has arrived at the target point. When the operator is controlling one robot, however, this does not happen, as he maintains supervision of the robot's actions during the entire task. Again, the problem arises only when he is controlling two or more robots. This is consistent with the usability questionnaires. Most users said that they felt unable to keep track of the state and task of all the robots composing the team.
Something slightly different happened when the robot was left stationary in Tele-operation Mode. Direct observation of the experimental runs revealed to us the reason why this situation happened. When a robot was moving in Autonomy Mode or Shared Control and got stalled (that is, became unable to follow its path), as soon as the operator realized this, he switched control to the stalled robot, leaving the robot he was controlling previously in whatever state it happened to be in at the time of the switch. For example, if this old robot was in Tele-operation, it was left stationary, and the operator usually forgot about it and simply continued to manoeuvre the the new robot until he realized that he had forgotten the old one. When we asked the operators if they were aware of their mistake in this regard, they typically answered that it was very difficult to keep track of everything they were doing on account of the complicated nature of the task they were performing.
Analysing the subjective perception that the subjects had of the optimal team dimension ( Figure 5(a) ) we observe that operators considered they were able to command a team of up to 3 robots in the indoor scenario and up to 2 for the outdoor scenario. This perception changes with the number of robots they effectively commanded. Operators commanding 4 robots considered that the number was excessive, operators controlling 3 robots felt the number was ok, while for 1 and 2 robots they thought they could control more robots. We conclude that at this point the interface was not yet well designed for supporting robot teams, as the operator "optimism" indicates that he is capable of more. We concluded that the improvement should be made the autonomy adjustment management.
Autonomy Management Evolution
The major weakness that appeared in the previous study concerns the excessive amount of time the robots were neglected when they were not performing a task, that is, when they had stopped and were waiting for incoming commands. Taking account of system performance and the test subjects' input, we hypothesized that the problem might be caused by one of the following two factors:
• The robotic system was unable to complete the task autonomously and no error message was sent to the operator.
• The operation modes were not enough adequate to the operator's task All these issues led to the development of a new interface prototype 3, focused on enhancing the operation modes, particularly the Shared Mode, understood as the spectrum between full autonomy and the Safe Tele-operation. We will describe these improvements in this paper. After describing the interface, we will present a set of controlled experiments performed for the sake of analysing the improvements.
Operation Modes Evolution
In the previous version there were four independent operation modes, and the operator decided which one was more suitable to the task requirements. In version 3, the management of the autonomy level changed. The system no longer waits for a "precise command" for each operation mode: target point in Shared Control, speed and jog in Tele-Operation. In the third version, the autonomy is adjusted in a multi-layered form. The layered system may be seen in Figure 6 . The following list describes the different autonomy levels, beginning with full autonomy and ending with pure tele-operation (based on [8] ). The system proposes a target point; 2. if there is no input from the operator the system proposes a path to reach it, or 3. the operator sets a target point and the system proposes a path to reach it; 4. if the operator does not change the path the system follows the path, or 5. the operator sets a path and the system follows it; 6. the operator sets a control speed and jog and the system adjust the real speed and jog to avoid collisions; 7. the operator sets the real speed and jog.
From this list we can see that the operator has five command possibilities: set a target point (or sequence of target points), set a path, set a control speed and jog, set the real speed and jog. Depending on the operation mode of the robot: Tele-Operation, Safe Tele-Operation, Shared Control or Autonomy, the system will react differently to each input. The possibilities are:
Tele-Operation and Safe Tele-Operation. If the operator sets a target point or path, the robot changes to shared control. Shared Control. In shared control mode, the system tries to reach the target point, or sequence of target points, set by the operator. This is done by means of two mechanisms: the calculation of a path and the control of robot motion to follow that path [2] . The operator can give the following commands.
• Speed Commands: The system remains in Shared Control, but while the operator continues sending speed commands, the robot's motion is not controlled by the system. When the operator stops sending commands, the system retakes motion control. This is very efficient when the robot is following a path and remains stalled, because the operator can get the robot out of its stalled condition without modifying its former task. As soon as the operator releases the control, the robot continues the previous task.
• The operator sets a path, the robot follows that path, and it then calculates a new path to the former target point, if there was one. In this way, if the operator disagrees with the path proposed by the system, he can modify it, and the robot adjusts its proposed path to the path set by the operator.
Autonomy. In full autonomy, the system chooses the most suitable target point in order to accomplish the mission [2] ). The operator may send the following commands:
• Speed, Jog and Path, as in Shared Mode. The system gives the suitable control to the operator, but remains in autonomy, so that, when the operator stops commanding, the system keeps on working in autonomy. Like shared mode, this mode is suitable in situations in which the operator does not approve the actions taken by the system. • The operator sets a target point or sequence of target points. The system tries to reach them, and, once they have all been reached, it keeps on exploring autonomously.
• The operator sets a desired path. The system tries to follow it, once it has completed the task, and if there are not target points, it keeps on exploring autonomously (if there is a desired path and a sequence of target points it will follow firstly the desired path, and afterwards it will try to reach the target points).
Each layer is in charge of performing an action. The more layers are working, the higher the autonomy level is. Thus, if all the layers are running, the system is working in full autonomy, while, if none of them is working, the operator has full control of the robot. The operator can command at every level of the layered system, substituting the actions of the higher layers. It is important to notice that this does not require him to change the operation mode. For example: The system may be operating in "Autonomy Mode," so that, by default, all the layers are running, but at any moment the operator can command at any level, while the system remains in "Autonomy Mode". At the same time, every layer provides feed-back indicating whether or not it has performed its respective task, so the operator has correct system state awareness and knows at which level he must act.
The new autonomy management is thought to provide the operator with two advantages:
• Fast recovery from navigation and exploration errors or bad performance. The operator can act at the error level, without reconfiguring the robot task or changing the operation mode.
• Long-term commands and more granulated autonomy levels. The operator can set a sequence of target points, giving the robot a longer-term task. Moreover, since he can set the path, something that was not possible in previous version, he can send the robot along safe paths.
In this way, the system takes more advantage of the operator's expertise.
Evaluation
As we said at the beginning, an effective operation of multiple robots requires that an operator distribute his operating time among the robots, so that he can supervise the whole team and intervene whenever this is required. The experiment is equivalent to the previous one and aims to evaluate the scalability of the mechanism of autonomy adjustment that we implemented.
Forty-five subjects (forty-one males, four females) participated in the experiment. All of them were either master's students or Ph.D. candidates. The subjects were randomly divided into three groups. Each subject in a given group had to accomplish a Search and Rescue Mission while controlling a team of robots (number of robots ∈ [1 − 3]). Every subject went through a forty-minute training equivalent to the training performed for the previous experiment.
The participants were asked to explore an unknown office building (indoor scenario) in search of victims. This scenario was the same as that used in the previous experiment.
Data analysis
The focus of our analysis is the influence of the factor number of robots ∈{1, 2, 3}. The variables studied were:
• The percentage of the total time in which the robots are operating (moving) simultaneously in Shared Control Mode and in TeleOperation.
Area Explored
The area explored was measured in square meters. The number of subjects in each group is 15. A one-way ANOVA was carried out to study if there were any significant differences. Confidence intervals can be seen in Figure 7 
Stop Condition Analysis
The previus experiment showed that one of the reasons of a bad performance was that operator were neglecting some robots of the team. We hypothesized that this was caused by an insufficient autonomy management paradigm. We modified this paradigm in order to improve performance. This analysis, together with the previous one aims to analyse whether there is a significant improvement. We analysed stop condition in Tele-Operation and in Shared Mode. The results are displayed in the form of a graph in Figures 8(a) and 8(b) .
Discussion
The major improvements made to the third version of the interface regarded the autonomy management and the new Shared Control commands. The results obtained for the previous version showed that the optimal number of robots for maximizing the area explored and minimizing the number of robots deployed was one. This experimental result led us to conclude that the interface did not provide the operator with suitable mechanisms for adjusting robot autonomy, which is crucial for the control of multiple robots. At the beginning of this paper, we presented a work of Scholtz et al., in which the authors conclude that the optimal operator ratio for off-road autonomous driving is 1:2. We set out to obtain a similar result for the current interface version. The analysis of the area explored reveals a considerable performance improvement over the previous version. While in the previous version increasing the number of robots did not lead to an increase in the area explored, in the current version the explored area is greater for 2 robots than for one robot. The differences are statistically significant. For 2 and 3 robots, there is no statistical difference ( Figure 7) .
The rest of the data studied enabled us to understand the key to this improvement. This phenomenon receives some explanation in light of the stop condition analysis (Section 6.1.2). In the previous version, there was a considerable jump in the stop condition between one robot and more than one robot, a jump that then entailed a corresponding significant loss of performance capability. In the data analysed above, this jump is mitigated, as can be seen in Figures 8(a) and  8(b) . Furthermore, comparing the stop condition in Shared Mode in the previous interface with that of the current version, we see that the time the robots were stopped in Shared Mode is significantly less for 2 robots.
Conclusions
In this paper, we have evaluated the two different versions of our interface. This evaluation was presented on the basis of controlled user experiments.
The major change between the versions was the inclusion of new command capabilities for the Shared Mode as well as a different adjustable autonomy management. In version 2, the operator could set a target point only when working in Shared Control Mode. In version 3, the operator can set a sequence of target points or a path. Furthermore, each operation mode allows him to bypass any of its "proper" functionalities. For example, even if he is working in Autonomy Mode, the operator can set a target point, or temporarily control the speed and jog of the robot. These changes led to an improvement in the optimal operator robot:ratio. While in version 2 the performance of the operator decreased for more than one robot, in version 3 the operator achieves a better performance with 2 and 3 robots. We have learnt that commanding a team of robots requires proper shared control capabilities which enable the operator to act at the required autonomy level according to the task he must perform and the team state. If some of the robots are performing well in autonomy he can send higher level commands while commanding at a lower level those robots in most need of attention. Splitting the former Shared Mode into 3 commanding possibilities has been proven to be more suitable for this, as it has been seen in the experiments. Furthermore, long term commands, like setting the desired path or the sequence of target points decrease the negative effect of neglecting a robot.
The third version of the interface was used in the last RoboCup Edition (2009, Austria), in the Rescue Simulation League. It received a Technical Award for the most innovative interface. A fourth version has been developed introducing new functionalities in the Full Autnomous mode. Further work will include the conducting of user experiments to evaluate the improvements brought by Version 4. We hypothesize that, with the new functionalities offered in Autonomy Mode, operators will use it more often. The goal is to increase optimal team size to three or even four robots.
